Replacing the function of a missing or paralyzed limb with a prosthetic device that acts and feels like one's own limb is a major goal in applied neuroscience. Recent studies in nonhuman primates have shown that motor control and sensory feedback can be achieved by connecting sensors in a robotic arm to electrodes implanted in the brain. However, it remains unknown whether electrical brain stimulation can be used to create a sense of ownership of an artificial limb. In this study on two human subjects, we show that ownership of an artificial hand can be induced via the electrical stimulation of the hand section of the somatosensory (SI) cortex in synchrony with touches applied to a rubber hand. Importantly, the illusion was not elicited when the electrical stimulation was delivered asynchronously or to a portion of the SI cortex representing a body part other than the hand, suggesting that multisensory integration according to basic spatial and temporal congruence rules is the underlying mechanism of the illusion. These findings show that the brain is capable of integrating "natural" visual input and direct cortical-somatosensory stimulation to create the multisensory perception that an artificial limb belongs to one's own body. Thus, they serve as a proof of concept that electrical brain stimulation can be used to "bypass" the peripheral nervous system to induce multisensory illusions and ownership of artificial body parts, which has important implications for patients who lack peripheral sensory input due to spinal cord or nerve lesions.
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body perception | electrical brain stimulation | neuroprosthetics | multisensory integration | self T he brain's ability to distinguish the body from external objects is important for accurately guiding limb movements (1) and maintaining our sense of bodily self (2) . Therefore, a major endeavor in applied neuroscience relates to creating artificial limb prostheses that not only move according to the user's intentions and relay sensations of touch but that also feel as though they were the user's own limbs. Previous work has shown that the so-called rubber hand illusion, a multisensory perceptual illusion in which the sense of touch and feelings of ownership are referred to an artificial limb through the concurrent touching of a rubber hand in view and a participant's hidden real hand (3), can be used to induce ownership sensations of a prosthetic hand in upper limb amputees (4) . However, the classical rubber hand illusion requires that touches be delivered to the real hand (3) , and previous studies on amputees have relied on tactile stimulation of the stump (4, 5) or reinnervated regions of the skin (6) . Thus, it remains unknown whether it is possible to induce ownership of an artificial limb in the absence of peripheral stimulation, which is a highly relevant issue for patients lacking sensory input due to damage to the spinal cord or peripheral nerves.
Inspired by previous studies in nonhuman primates showing that sensory feedback from a robotic arm can be administered through electrodes implanted in the primary somatosensory (SI) cortex (7), we examined whether electrical brain stimulation could be used to "bypass" the peripheral nervous system to elicit ownership of an artificial limb. To this end, we used a modified version of the rubber hand illusion with direct cortical stimulation in two human subjects undergoing invasive electrocorticographic (ECoG) monitoring in preparation for epilepsy surgery. We hypothesized that it would be possible to induce the same effects as the classical illusion by electrically stimulating the hand-sensory cortex in synchrony with touches delivered to the observed rubber hand-without touching the hidden real hand (Fig. 1 ). In accordance with our prediction, we found that illusory ownership of the rubber hand could be consistently induced using electrical brain stimulation of the hand SI cortex in both subjects. Furthermore, the results show that stimulating the SI cortex asynchronously or in a "non-hand" region did not elicit the illusion. These findings show that the brain is capable of integrating electrical cortical-somatosensory and natural visual signals to form coherent multisensory representations of one's own limbs according to the same basic rules of spatiotemporal congruence that govern the normal perception of our body (8) . As such, this study constitutes an important step toward the development of neuroprosthetic limbs that feel just like real limbs.
Results
Before experimentation, the subjects underwent a sensory stimulation screening process, during which we identified appropriate electrode pairs and current amplitudes for evoking sensations in the subjects' fingers and forearm. We also established a control electrode pair outside of the SI cortex that was not associated with somatosensation or any other perceptual phenomena (Fig. 2) . Both subjects reported that the sensations elicited by electrical stimulation of the SI cortex felt "unnatural" and unlike anything they had ever felt before. However, the evoked sensations were anatomically well localized. Specifically, subject 1 described the stimulation of the SI finger site as a "vibration-like" sensation localized on the proximal phalange of the ring finger, whereas subject 2 likened the Significance Creating a prosthetic device that feels like one's own limb is a major challenge in applied neuroscience. We show that ownership of an artificial hand can be induced via electrical stimulation of the hand somatosensory cortex in synchrony with touches applied to a prosthetic hand in full view. These findings suggest that the human brain can integrate "natural" visual input and direct cortical-somatosensory stimulation to create the multisensory perception that an artificial limb belongs to one's own body.
evoked sensation to a feeling of "light pressure" along the proximal and middle phalanges of the middle finger (for details, SI Experimental Procedures).
In the illusion condition (SynchFinger), the onset of a visible touch on the rubber hand trigged a 500-ms-long electrical stimulation across the electrode pair corresponding to the SI finger site (Fig. 2, red electrodes) . In the AsynchFinger control condition, the cortical stimulation was delayed by 1,000 ms relative to the visible rubber hand touch (Fig. S1 ), while keeping all other experimental parameters constant. In the SynchWrist control condition, the cortical stimulation was synchronous with the touch but was applied across an electrode pair corresponding to a spatially incongruent site of the SI cortex (Fig. 2, black electrodes) , which was associated with somatosensation on the distal dorsal region of the forearm (Fig. 1) . The AsynchFinger and SynchWrist conditions allowed us to investigate whether the illusion is constrained by the same temporal and spatial multisensory congruence rules that have been shown to govern the classical rubber hand illusion (8) . In two additional control conditions, we delivered synchronous stimulation across a pair of control electrodes outside of the SI cortex (SynchRemote) (Fig. 2, green electrodes) or no stimulation at all (placebo). The SynchRemote and placebo conditions permitted us to control for suggestibility and task compliance and to exclude the possibility that electrical current passing through the dura contributed to the illusion experience. We aimed at repeating each experimental condition twice, which was accomplished in subject 2. In subject 1, however, the experiment was aborted prematurely due to fatigue, and we were unable to complete the experiment at a later time. Therefore, we only performed one repetition of the SynchFinger, AsynchFinger, SynchRemote, and placebo conditions in this subject.
The subjective experience of the illusion was quantified using an analog rating scale that was reported verbally; more objectively, the illusion was assessed via behavioral measurements in the form of pointing errors toward the rubber hand-the so-called proprioceptive drift-in an intermanual pointing task (3). For subject 1, there was a significant effect of condition on the verbal ownership ratings (F = 191.24, P < 0.001, one-way ANOVA; Fig. 3A) . Importantly, the SynchFinger illusion condition was associated with significantly stronger ownership of the rubber hand compared with the ratings in the placebo and SynchRemote control conditions (both P < 0.001, paired t tests), suggesting that the illusion was successfully induced and was dependent on the concurrent electrical stimulation of the primary somatosensory cortex. Notably, the illusion was very vivid (maximum rating, +3) and featured a fast onset time (4 s), which was comparable to the vividness (+3) and onset time (4.2 ± 1.2 s) of the conventional rubber hand illusion induced by visual stimulation of the rubber hand and tactile stimulation of the real hand (Fig. 3C ). In accordance with the results of the subjective ratings, the proprioceptive drift was greater in the SynchFinger than in the placebo and SynchRemote conditions (+10 mm versus −10 and −2 mm; Fig. 3B ). The magnitude of the proprioceptive drift in the illusion condition was comparable to that shown in earlier studies on the rubber hand illusion (9) (10) (11) . Unexpectedly, there was no significant difference between the SynchFinger and AsynchFinger conditions in terms of ownership ratings (P = 0.33, paired t test; Fig. 3A ). However, this finding was inconsistent with the proprioceptive drift results, which show a greater drift in the SynchFinger than in the AsynchFinger condition (10 mm versus −5 mm; Fig. 3B ). We therefore speculate that the high ownership ratings in the AsynchFinger condition in subject 1 were at least partly related to task compliance and stimulation order effects in the form of increased suggestibility after having experienced the illusion condition in the preceding trial (the AsynchFinger condition was repeated immediately after the SynchFinger condition; for details, SI Experimental Procedures) and that synchronous cortical stimulation is necessary for experiencing a genuine rubber hand illusion. Subject 2 displayed a significant effect of condition in terms of rubber hand ownership ratings (F = 22.49, P < 0.001, one-way ANOVA; Fig. 3D ). The SynchFinger condition was coupled with significantly higher ownership ratings (all P < 0.001, paired t tests) and greater proprioceptive drift (64 mm versus 38, −57, 6, and −22 mm; values correspond to the order of conditions in Fig. 3E ) compared with the drift in each of the four control conditions. In accordance with the results in subject 1, the illusion vividness (plateau phase between +1 and +2; Fig. 3D ) was comparable to Fig. 1 . Experimental setup. The real hand was hidden from view behind a screen while a prosthetic hand was placed in front of it in full sight of the subject. To induce the illusion, the experimenter repeatedly stroked a finger of the rubber hand using a digital touch probe that was connected to a cortical stimulation device, which delivered an electrical current across two subdural electrodes located in the region of the subject's primary somatosensory (SI) cortex corresponding to the same finger (red electrodes). In the spatially incongruent control condition, the current was delivered to a pair of electrodes associated with somatosensation on the subject's wrist (black electrodes). The skin areas to which this subject (subject 2) referred the stimulation-induced sensations are indicated in red and black, respectively. Notably, the subject's real hand was never touched. The green electrodes represent a control stimulation site unassociated with somatosensation.
the vividness of the conventional rubber hand illusion (+2; Fig.  3F ). Interestingly, the illusion onset time for the rubber hand illusion evoked by electrical brain stimulation (6 s) was markedly faster than the onset for the conventional rubber hand illusion (20.8 ± 6.8 s). Together, these findings suggest that the illusion was successfully elicited and was contingent on electrical stimulation of the SI cortex that was spatially and temporally congruent with the visual stimulation of the rubber hand.
Discussion
In summary, we used a multisensory perceptual illusion and invasive electrophysiological techniques in humans to investigate a question that is at the heart of applied neuroscience: Can direct cortical stimulation be used to create the experience that an artificial limb belongs to one's own body? Our results revealed two main findings. First, we found that ownership of an artificial limb can be induced via electrical stimulation of the SI cortex in conjunction with congruent visual signals from a rubber hand being touched. Second, the results show that the visual stimulus and the cortical stimulation must obey specific rules of spatial and temporal congruence for the illusion to arise, suggesting that the human brain is capable of integrating natural visual and electrical cortical-somatosensory signals to build a coherent multisensory perception of a seen limb belonging to the self. Thus, our findings have both theoretical and practical implications because they extend our understanding of the multisensory integration mechanisms underlying bodily self-attribution (8, (12) (13) (14) , demonstrate that multisensory illusions can be triggered by electrical brain stimulation, and provide a method for creating ownership sensations of prosthetic limb devices through direct stimulation of the somatosensory cortex.
This study allowed us to investigate the hitherto unexplored relationships between electrical brain stimulation, multisensory integration, and body ownership. The cortical stimulation used in our experiment was delivered across two electrodes spaced 10 mm apart on the surface of the postcentral gyrus, resulting in the simultaneous depolarization of large and functionally heterogeneous neuronal populations devoted to the processing of multiple different somatosensory modalities. The perceptual correlates of such large-scale electrical stimulations of the SI cortex are typically described as unnatural sensations of touch, wind, or numbness and are difficult to describe in conventional terms (15) (16) (17) . Indeed, both of our subjects stated that the stimulation felt unlike anything they had experienced before and that, even though anatomically well defined, the sensation did not correspond well with any one somatosensory modality. The closest descriptors used were that the sensation had a vibrating (subject 1) or pressure-like quality (subject 2). Despite these highly nonphysiological somatosensory percepts, we were able to elicit a strong rubber hand illusion. In addition, both subjects spontaneously reported that the sensation originated from the rubber hand in the illusion condition, which is equivalent to the referral of touch phenomenon observed in the classical rubber hand illusion (3) . Previous studies have shown that the integration of visual and tactile signals in multisensory brain regions is a key mechanism for generating ownership of a seen limb (10, 18) . Our findings therefore support a flexible model of multisensory integration for bodily self-attribution (8, (12) (13) (14) , which allows for low-fidelity artificial sensory feedback to be merged with visual signals from a limb-like object being touched as long as the stimuli are spatially and temporally matched.
Intriguingly, open-ended explorative testing in subject 2 showed that his perception of the cortical stimulus was influenced by his visual experience. When the touches were applied to the rubber hand as a brushstroke, he experienced the somatosensory stimulus as moving on the model hand in the same direction as the stroke. This was also true when the direction of the stroking was reversed. When the touches were applied in a focal, pressing manner, he felt a simple "feeling of pressure" in the location where the probe was touching the rubber hand. We speculate that this phenomenon represents a cross-modal interaction (19, 20) between vision and touch in which visual signals from an owned rubber hand affect the perception of stimulation-induced somatosensation, possibly reflecting top-down modulatory effects on the SI cortex from the multisensory body representation in the intraparietal sulcus (11, (21) (22) (23) . Future studies are needed to formally quantify this phenomenon and examine whether such cross-modal interaction effects are specific to the context of ownership of the seen limb.
From an applied neuroscience perceptive, our results serve as a proof of concept that direct cortical stimulation can be used to create ownership sensations of a prosthetic limb. This represents a major conceptual advance because all previous studies on prosthesis ownership in amputees have relied on peripheral somatosensory stimulation; either in the form of tactile stimulation of the stump (4, 5) or a reinnervated patch of skin (6) or, possibly, the electrical stimulation of cuff electrodes chronically implanted in peripheral nerves (24, 25) . Thus, our results suggest that it is theoretically possible to bypass the peripheral nervous system entirely via direct cortical stimulation, which would enable patients who lack afferent input from a damaged or paralyzed limb (e.g., due to lesions of peripheral nerves or the spinal cord) to experience Projections of the electrode grids are relative to the cortical surface in both subjects. The grid was placed on the right side in subject 1 and on the left in subject 2. The colored electrodes indicate the different stimulation sites, including the SI finger (red) and SI wrist representations (black), as well as a nonsomatosensory control site separate from the SI cortex (green). The crossed-out electrodes indicate the locations at which epileptic activity was observed (for details, SI Experimental Procedures). The 3D brain representations were generated from the subjects' individual MRI scans.
ownership of a neuroprosthetic device. Moreover, we found that during the illusion condition, the stimulation-induced somatic sensations were referred to the specific part of the prosthesis being touched, rather than being referred to the real limb or a phantom limb as shown in earlier somatosensory cortical stimulation experiments (15, 26, 27) . This feature has important practical implications because such somatosensory referral would not only make a prosthesis feel more natural but could also provide meaningful sensory feedback for dexterous hand actions performed by robotic hands. However, because the spinal cord and peripheral nervous system were intact in our subjects, we cannot exclude the possibility that static proprioceptive information from the real hand plays a role in generating the present illusion. This issue could be examined in future studies of patients lacking afferent proprioceptive signals from a hand, for instance, due to limb amputation, spinal cord injury, or subcortical stroke. Based on the earlier findings showing that upper limb amputees are capable of experiencing the classical rubber hand illusion (4), we hypothesize that the present ECoG-stimulation version of the illusion will also be inducible in absence of proprioceptive information from the hand.
From an engineering standpoint, it is encouraging that the relatively low-fidelity sensory feedback associated with ECoG stimulation was sufficient to elicit ownership sensations and the referral of tactile percepts to the rubber hand, and that the illusion vividness was comparable even to the conventional rubber hand illusion induced by tactile stimulation of the real hand. Subdural electrode arrays have some advantages for long-term implantation over fine-wire intracortical electrodes, as they are less invasive and provide a more stable signal over time at the cost of poorer spatial resolution (28) . The results of microstimulation studies in monkeys (29) (30) (31) (32) (33) and a recent study in one human participant (34) suggest that intracortical microstimulation of the SI cortex provides more natural sensations of touch localized to substantially smaller areas of the skin. However, we speculate that the crossmodal interaction effect discussed above could potentially be exploited to increase the diversity of somatosensory percepts induced by ECoG stimulations of the SI cortex.
Finally, the present study demonstrates that a multisensory illusion can be elicited by substituting one sensory modality with direct cortical stimulation in humans. Our results suggest that relatively coarse, electrically induced signals from one sensory modality can be integrated with natural high-quality signals from another modality to produce a coherent multisensory percept, provided that the basic multisensory principles of temporal and spatial congruence are obeyed (35) . We speculate that the integration of natural and artificial sensory signals takes place at the level of multisensory areas in the association cortex, although future neurophysiological studies are needed to characterize these underlying processes. Furthermore, we hypothesize that other multisensory illusions will also be inducible via electrical brain stimulation, which could have important implications for the development of neurocognitive prosthetic devices. For instance, it may be possible to facilitate the localization of sound via artificial vision (the ventriloquist illusion) (36, 37) produced through visual 
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Conventional rubber hand illusion Fig. 3 . Results. The illusion was quantified using continuous verbal ownership ratings in combination with the measurement of pointing errors toward the rubber hand in an intermanual reaching task (proprioceptive drift) (3, 9). The reaching task was performed immediately before and after each block of stimulation, and the proprioceptive drift was defined as the difference between the before and after measurements, with positive values indicating a drift in the direction toward the rubber hand. (A-C) Subject 1. In accordance with our a priori hypothesis, the results show that the SynchFinger illusion condition generated significantly higher ratings of rubber hand ownership than the SynchRemote and placebo control conditions (P < 0.001; A), and the proprioceptive drift was greater in the SynchFinger condition than in either of the control conditions (B). The conventional rubber hand illusion, induced by visual stimulation of the rubber hand and tactile stimulation of the real hand, was associated with an ownership rating of +3 (C), which was similar to the electrical stimulation-induced version of the illusion (A). It should be noted that subject 1 aborted the experiment prematurely due to fatigue and each condition was therefore only repeated once. (D-F) Subject 2. The results show that the SynchFinger condition was associated with significantly higher ownership ratings (P < 0.001; D) and a greater proprioceptive drift (E) compared with the results of the four control conditions. The conventional rubber hand illusion was associated with an ownership rating of +2 (F), which is in accordance with the electrical stimulation-induced version of the illusion (D). These results are compatible with those of subject 1 and reinforce the conclusion that the illusion is dependent on spatial and temporal congruence between the visual signals from the rubber hand being touched and the cortical stimulation of the SI cortex, and that it is at least as strong as the conventional rubber hand illusion. The error bars represent the SEM.
cortical stimulation (38) (39, 40) when using an auditory prosthesis based on brain stimulation (41).
In conclusion, this study demonstrates that electrical brain stimulation in humans can be used to manipulate a fundamental aspect of self-consciousness: the feeling that the body belongs to the self. Our findings provide a conceptually important step toward achieving a robotic prosthesis that not only moves and provides sensory feedback via electrodes implanted in the brain (7, 42, 43) but also feels just like one's own limb.
Experimental Procedures
Patients. The experiments were performed at Harborview Medical Center, Seattle, WA. Two patients, one 19-y-old female (subject 1) and one 33-y-old male (subject 2), with medically refractory focal epilepsy undergoing presurgical invasive seizure monitoring volunteered for this research study. Informed consent was obtained, with all procedures approved by the University of Washington Institutional Review Board. Both patients were implanted, solely for clinical purposes, with a 64-electrode grid array featuring coverage of the right (subject 1) or left (subject 2) SI cortex at the level of the representation of the hand (Fig. 2) .
Experimental Setup. During the experiment, the subjects rested in their hospital beds with the head of the bed angled at ∼45°. A mobile bedside table was positioned above their waist. Their left (subject 1) or right (subject 2) arm was hidden behind a screen, while a lifelike rubber hand was placed in front of the screen in full view (Fig. 1) . To induce the illusion, a digital touch probe ( Fig.  S2 and SI Experimental Procedures for hardware specifics) was used to repeatedly deliver touches (at the frequency 0.5 Hz) to the rubber hand for a period of 60 s. The touch probe triggered a cortical stimulation device to deliver electrical pulses to the hand SI cortex. In subject 1, we applied 500-mslong strokes along the proximal phalange of the ring finger of the rubber hand. Because subject 2 described a sense of pressure associated with the SI cortex stimulation, instead of stroking, we applied the touch probe in a focal manner, pressing on the proximal phalange of the rubber hand's middle finger for 500 ms every 2 s. The sequence of the touches delivered to the rubber hand was identical across all five conditions (Fig. S3 for touch probe results) , and the experimenter delivering the touches was blind with respect to the nature of the experimental conditions of interest.
Illusion Quantification. During each 60-s experimental block, we instructed the subjects to verbally report the current vividness of the illusion in response to a cue that was presented every 4 s (every 2 s for subject 2; SI Experimental Procedures for details). The subjects were asked to report their level of agreement to the statement "It feels as if the rubber hand were my hand," using a scale ranging from −3, "I completely disagree," to +3, "I completely agree," with 0 indicating, "I neither agree nor disagree." An intermanual reaching task was performed immediately before and after each experimental block, in which the subjects were temporarily blindfolded and asked to point to the location of their left (subject 1) or right index finger (subject 2) using the opposite hand. The proprioceptive drift, which is an established behavioral proxy of illusory body ownership (3, 9) , was defined as the difference between the before and after measurements, with positive values indicating a drift in the direction toward the rubber hand. SI Experimental Procedures provides further details on the experimental procedures and statistical analyses.
The Conventional Rubber Hand Illusion. To examine potential similarities between the rubber hand illusion elicited by electrical stimulation of the SI cortex and tactile stimulation of the real hand, we conducted a separate experiment on a different day in which we exposed the subjects to the conventional rubber hand illusion (3). The illusion was induced using previously published standard procedures (3, 9, 18), which involved the synchronous stroking of a rubber hand and the subject's real hand for a period of 60 s. Asynchronous stroking (temporal incongruence) or synchronous stroking of a rubber hand rotated through 180°(spatial incongruence) served as control conditions (3, 18) . The illusion strength was quantified immediately after each experimental condition by asking the subjects to rate the statement "It felt as if the rubber hand were my hand," using a scale ranging from −3 to +3 (i.e., the same statement and scale as in the electrical brain stimulation experiment). The participants were also asked to rate a control statement, "It seemed as if the touch I were feeling came from somewhere between my own hand and the rubber hand" (adopted from ref. 3) . We compared the difference in rating between the illusion and control statements to control for suggestibility and task compliance. The questionnaire results are shown in Fig. 3 C and F. The average illusion onset time was estimated in four separate repetitions of synchronous stroking in which the subjects were instructed to press a button as soon as they started experiencing ownership of the rubber hand. 
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SI Experimental Procedures
Patients. Two volunteers were recruited from among patients undergoing invasive electrocorticographic (ECoG) monitoring in preparation for epilepsy surgery. Briefly, patients receiving this type of treatment undergo surgical implantation of a grid of subdural electrodes over the cortical surface of their brain to localize the focus of medically intractable epilepsy. Continuous neurophysiological monitoring is then carried out in the telemetry unit to anatomically define the origin of their seizures. The monitoring period usually lasts 1 wk, and if successful, the seizure focus is resected concurrent with the removal of the electrode grid. The location of the electrode grid is determined purely based on clinical need by a multidisciplinary epilepsy team and is placed over the likely area of seizure origin and the adjacent critical cortex (e.g., sensorimotor), as indicated by prior noninvasive studies. The patients' home doses of antiepileptic drugs are lessened or withheld during the period immediately following grid implantation to facilitate the generation of seizures and the clinical mapping of the seizure focus. Following adequate localization of the focus, the patients are restarted on their full dose of antiepileptic medication. This study was performed only after the patients had restarted their antiepileptic medication for at least 1 d to minimize the risk of eliciting a seizure via cortical stimulation. They provided written informed consent for participation.
Subject 1 was a 19-y-old female who developed epilepsy secondary to an intrauterine subcortical stroke, with associated epilepsy present since infancy. This lesion resulted in partial hemiparesis of her left side but completely intact sensory functions. Her seizures were characterized by an initial feeling of nausea and an odd feeling in her mouth, after which the left side of the body would start to shake and she would lose consciousness. During some seizures, she would also start repeating short phrases, such as "I'm sorry," with head and eye deviation to the left, and turning the whole body left, going in circles. Her body would then tighten, and this condition would sometimes progress into a convulsion.
Subject 1 underwent implantation of a right-sided subdural electrode array (Fig. 2) as well as depth electrodes in the right medial temporal lobe. Seizure monitoring was carried out for 2 wk. Almost all of the seizures and more than 95% of interictal abnormalities originated from the right medial temporal lobe, which were detectable from the depth electrodes but not on the grid. Some seizures were observed at a grid electrode over the superior temporal gyrus, and rare interictal spikes were detected at three grid electrodes located over the medial and superior frontal gyrus (Fig. 2) .
Subject 2 was a 33-y-old male with a history of epilepsy and a lesion in his left inferior parietal lobule. He had two types of partial seizures. The first type consisted of minor repetitive limb movements, licking of his lips, and opening and closing of his eyes. He would respond verbally if tested. In the second type of seizure, he would shift in bed and grimace. He would continue to respond but had variable ictal language difficulty. This second type would sometimes progress into a generalized seizure.
Subject 2 underwent placement of a left-sided electrode grid (Fig. 2) and invasive monitoring for 1 wk. Ictal and interictal activity (trains of spikes) were observed at five electrodes located over the temporoparietal junction (Fig. 2) .
Experimental Setup. The subjects rested comfortably in their hospital bed, with the head of the bed angled at ∼45°. A portable screen placed on a mobile bedside table was positioned above the subject's waist. The subject's left (subject 1) or right (subject 2) hand was positioned behind the screen, hidden from view, while a left (subject 1) or right (subject 2) cosmetic prosthetic hand was placed in front of the screen and was fully visible to the subject (Fig. 1) . The distance between the index fingers of the real and rubber hands was 15 cm. A piece of white cloth covered the subject's upper arm to occlude the gap between the shoulder and the prosthetic hand. To induce the rubber hand illusion (3), a trained experimenter (A.G.) applied touches to the rubber hand using a custom-made digital probe connected to a cortical stimulation device (see details below). The duration of each touch was 500 ms, and the spacing between the offset of one touch and the onset of the next touch was always 1,500 ms (Fig. S1) . The onset of a touch triggered a 500-ms-long electrical stimulation of a portion of the SI cortex that corresponded to the region of the rubber hand being touched, which had been identified in a sensory stimulation screening procedure before the experiment. Crucially, the subject's hidden real hand was never touched, differentiating this version of the illusion from the classical rubber hand illusion (3). We hypothesized that the application of brushstrokes to the rubber hand that were temporally and spatially congruent with direct cortical-somatosensory stimulation would induce the illusion of owning the rubber hand.
The experimenter wore headphones and listened to audio cues regarding the sequence of touches to ensure the appropriate timing and duration of the stimuli. Importantly, because the touches on the rubber hand were identical across conditions and we only varied the mode of cortical stimulation, this design ensured that the experimenter delivering the touches was blind with respect to the nature and sequence of the experimental conditions of interest.
Experimental Conditions and Rationales. We included five experimental conditions, one illusion and four control conditions, all of which featured a single finger of the rubber hand (subject 1: index finger; subject 2: middle finger) being repeatedly touched over a period of 60 s. The location of the applied brushstrokes was dictated by where on the real hand the subjects perceived the stimulation applied across the experimental electrode pair placed in the SI cortex, which was determined in a sensory screening procedure before the experimental sessions (see below). In the illusion condition (SynchFinger), electrical stimulation was synchronously delivered to the finger representation of the SI cortex (Figs. 1-2 and Fig. S1 ). In the AsynchFinger control condition, the same stimulation was delivered following a 1,000-ms delay, ensuring a temporal mismatch between the electrical SI cortex stimulation and the observed touches (Fig. S1 ). In two control conditions, synchronous electrical stimulation was delivered to the wrist representation of the SI cortex (SynchWrist) or to a pair of nonsomatosensory control electrodes in the frontal or temporal lobe (SynchRemote). The AsynchFinger and SynchWrist conditions allowed us to investigate whether the illusion obeys spatial and temporal multisensory congruence principles, and the SynchRemote condition permitted us to exclude the possibility that electrical current passing over the dura contributed to the illusion experience. To control for subject compliance and task suggestibility, we included a placebo control condition in which no electrical stimulation was delivered (Fig. S1) .
We aimed at repeating each of the five experimental conditions twice. This design strategy was the result of a compromise between maximizing the statistical power of our data analyses, while keeping the total experiment duration sufficiently short for the patients to maintain their alertness and the amount of electrical current delivered within ethical limits (see Cortical Stimulation: Safety Considerations below). The order of stimulation was fully randomized.
In subject 2, we were able to perform all of the planned repetitions, and the specific order of stimulation was the following: SynchFinger-placebo-SynchRemote-AsynchFinger-SynchWristAsynchFinger-SynchFinger-placebo-SynchRemote-SynchWrist. In subject 1, however, we were able to perform only one repetition of four of the experimental conditions, because the subject aborted the experiment prematurely due to fatigue. The specific stimulation order in this subject was: placebo-SynchFinger-AsynchFingerSynchRemote. There was a resting period of 1 min between each block of stimulation to avoid fatigue and minimize the potential risk of illusion aftereffects influencing the next repetition.
Illusion Quantification: Verbal Responses. We used a combination of subjective verbal ratings and behavioral pointing error responses to quantify the illusion experience, in accordance with previous studies on the rubber hand illusion (3, 9, 11) . During each 60-s experimental block, we asked subjects to continuously report the current vividness of the illusion, which was defined as the degree of agreement with the statement "It feels as if the rubber hand were my hand," using a scale ranging from −3, "I completely disagree," to +3, "I completely agree," with 0 indicating "I neither agree nor disagree." For subject 1, an audio tone was played every 4 s, to which she verbally responded with a number between −3 to +3, indicating the current vividness of the illusion. To simplify the task and increase the temporal resolution of the data, subject 2 was asked to verbally report the vividness of the illusion after each touch, which was applied every 2 s, with no audio tone. As such, we obtained "real-time" illusion vividness ratings over each 60-s block at a temporal resolution of 4 s (subject 1, 16 data points) or 2 s (subject 2, 31 data points) (Fig. 3 A and D) . Immediately before the commencement of a given stimulation block, we asked the subjects to rate the illusion vividness. This value was always −3 and is indicated at the time point 0 in Fig. 3 A and D. To statistically compare the ratings across conditions, we first entered the mean rating of each time point into a one-way repeated-measures ANOVA and examined the effect of condition (SynchFinger, AsynchFinger, SynchWrist, SynchRemote, placebo). We then carried out planned pairwise comparisons between the SynchFinger illusion and each of the control conditions using two-tailed paired t tests (α level set to 0.05).
Illusion Quantification: Proprioceptive Drift. The degree of pointing error toward an owned rubber hand-the proprioceptive driftconstitutes an indirect behavioral proxy of the feeling of limb ownership (3, (9) (10) (11) (44) (45) (46) . To corroborate the subjective illusion vividness rating detailed above, we measured the pointing error immediately before and after each 60-s period of brushing. The subjects were asked to close their eyes and indicate the perceived position of their index finger by pointing with their unused hand. Before obtaining this response, and while the participants had their eyes closed, the experimenter swiftly and silently removed the screen separating the rubber hand and the real hand and placed a 1-m-long inflexible metal ruler 1 cm above the rubber hand and real hand in a predefined position. The experimenter then placed the subject's index finger (of the hand contralateral to the rubber hand) at a random starting point on the ruler. Next, the experimenter asked the participant to move their finger along the ruler (which contained a shallow groove) and to stop when the finger was immediately above where they felt the contralateral index finger was located. We computed the differences in the pointing errors between the measurements obtained before and after each stimulation period, averaged over the repetitions, for each experimental condition (positive values indicate a drift in the direction toward the rubber hand). We predicted that the proprioceptive drift in the SynchFinger illusion condition would be greater than in each of the control conditions. Given the very small number of repetitions per condition (one for subject 1 and two for subject 2), we report the drift results in a purely descriptive manner.
Data Recording and Digital Touch Probes. Both subjects were implanted with an Ad-Tech 64-contact subdural electrode array with 4-mm contacts, 2.4-mm diameter exposed recording surfaces, and 10-mm contact spacing in an 8 × 8 rectangular array. Implantations were performed at Harborview Medical Center, Seattle. In both cases, this resulted in roughly four electrodes over the hand sensorimotor cortex. Recordings were performed at the patients' bedsides without interruption of the clinical recording. Cortical potentials were referenced against a scalp electrode.
Experimental recordings and electrical stimulation were controlled using the Tucker-Davis Technologies (TDT) biosignal acquisition system, consisting of the following components: an RZ5D BioAmp processor, PZ5 NeuroDigitizer, IZ2H stimulator and LZ48 battery pack. Recording and stimulation circuits were programmed with the TDT Real-Time Processor Visual Design Studio (RPvdsEx). The circuits were loaded to the processor, and signals were acquired at run time with the TDT OpenEx application. Neurophysiologic signals were acquired and stored at a sampling rate of 1,220 Hz without any preprocessing. Programmable runtime parameters were stored synchronously at 1,220 Hz. Subjective ratings of the strength of the illusion were recorded via microphone and stored synchronously with the electrophysiological data. Brushstrokes were applied to the rubber hand using a custom-built digital touch probe (Karolinska Institutet), which registered the onset and offset of each touch. The touch probe featured two components: a force sensor (FlexiForce Sensor, Tekscan) and a sensor box. The sensor box received continuous resistance data from the force sensor, applied an appropriate threshold to detect touch, and provided a discrete output voltage signal (either 0 V, indicating "no touch"; or 2.5 V, indicating "touch") that was used to trigger the cortical stimulation device (see below).
To minimize the delay between the onset of the actual touch and the signal from the sensor box, an optimal force threshold value was determined based on extensive empirical testing. The delay for several different thresholds was approximated based on the measurements of 20 touches, in which the onset of the actual touch was indicated by the shortcut of a simple circuit, which was flagged in an oscilloscope, while the binary signal from the touch probe was fed into the same oscilloscope. The onset delay for one given touch was calculated by subtracting the two values. The optimal threshold value generated a high level of precision of the touch probe, registering the touch onset with an average delay (±SD) of 1.04 ms ± 0.48 ms and the touch offset with an average delay of 2.76 ms ± 3.95 ms.
Stimulation Parameters and Sensory Screening Procedure. Stimulation pulses were triggered by the touch onset as indicated by the digital touch probe detailed above. The stimulation consisted of a train of biphasic pulses (200 μs per phase) delivered at 100 Hz over 500 ms (i.e., 50 biphasic pulses per stimulation). These stimulation parameters ensured that the total duration of each stimulation equaled the duration of the touch applied to the rubber hand (Fig.  S1 ). The selection of electrodes to stimulate across and the stimulation amplitude were determined in a sensory stimulation screening procedure performed immediately before the experimental session. First, based on anatomical information from the cortical reconstructions and the electrode overlay (see section below), two electrodes placed over hand sensory cortex were selected. We then delivered a low-amplitude stimulation across the electrode pair in question, after which the amplitude was successively increased by increments until the threshold of perception was reached. The threshold of perception was 3,500 μA for subject 1 and 2,200 μA for subject 2. These same amplitudes were used for stimulation across the control electrodes. In subject 1, stimulating the SI cortex finger site (Figs. 1 and 2 , red electrodes) produced a "vibrating feeling" in the proximal phalange of her left ring finger. The control electrode stimulation was delivered across a pair of electrodes in the anterior part of the superior frontal gyrus (Figs. 1 and 2 , green electrodes) and was not associated with any somatosensory (or other) percept. In subject 2, stimulating the SI cortex finger site produced an anatomically well-defined sense of "light pressure" in the proximal and middle phalanges of his right middle finger. He said: "I feel a light, finite, specific sensation of pressure over this area (pointing to his right middle finger) that almost feels like it has specific depth-it goes deeper with higher stimulation." The stimulation of the SI cortex wrist site produced a sensation most akin to heat and was confined to a small, circular area (∼3 cm in diameter) on the dorsal side of the distal region of the right forearm. The subject described it as: "It felt like a light bulb on my wrist, with a small core that spreads out and then collapses. Most like heat, more than anything else." The control electrode stimulation was delivered across a pair of electrodes in the superior temporal gyrus and was not associated with any perceived sensations. None of the stimulation sites were associated with proprioceptive sensations (e.g., finger flexion or extension) or actual movements.
Cortical Stimulation: Safety Considerations. As a precautionary principle, we aimed at minimizing the total amount of current delivered to the subject. Each experimental block of stimulation consisted of 30 visual touches on the rubber hand, which corresponded to the delivery of 30 individual stimulation trains to the SI cortex finger, SI cortex wrist, or the remote control electrode pairs. In total, 60 stimulations were delivered to the SI cortex finger site, and 30 stimulations to the SI cortex wrist and the remote control sites. To minimize the current delivery, we used relatively brief, 500-ms-long visual touches on the rubber handcompared with the typical touch duration of 1,000 ms (47)-and used a stimulation amplitude corresponding to the subjects' threshold of perception (see previous paragraph). To minimize the risk of causing a seizure during stimulation, the electrode pairs were chosen with the probable seizure focus in mind, and stimulation was always delivered at sites outside of potential seizure areas (Fig. 2) . The experiments took place in a neurological invasive monitoring unit and a neurosurgeon was always present during the experiments to monitor for and be available to treat any induced seizure activity. The current amplitudes used are within the ranges routinely used during cortical stimulation for clinical purposes (e.g., motor, sensory, and speech mapping). No adverse events were observed during the testing.
Cortical Reconstructions and Electrode Overlay. Cortical reconstructions and electrode overlays were generated using previously described techniques (48) . Briefly, postoperative computed tomography scans were coregistered in three dimensions with the preoperative structural T1-weighted MRI scans (3D MPRAGE sequence, voxel size = 1 mm 3 , field of view = 256 mm × 256 mm, 170 slices, repetition time = 1,900 ms, echo time = 3 ms, flip angle = 8°) using the Statistical Parametric Mapping software package. Reconstructions of the cortical surface were generated with FreeSurfer (Martinos Center for Biomedical Imaging, Boston) and custom MATLAB (MathWorks) code. Projections of the electrode grids relative to surface cortical structures were created as described by Hermes et al. (49) (Fig. 2 shows results) . MRI images and projected electrode locations were normalized to Montreal Neurological Institute (MNI) coordinates using FreeSurfer. S3 . Precision of the manually delivered touches. The touches were manually delivered to the rubber hand by a trained experimenter (A.G.) who was blinded with respect to whether the condition in question was an illusion or control condition. The sequence of touches was identical across conditions, consisting of 500-ms touches equally spaced 1,500 ms apart. The optimal duration between the onsets of two subsequent touches was therefore 2,000 ms ("target timing"). The results show that there were no significant differences in the temporal accuracy of the touches across conditions in either of the subjects [subject 1: χ 2 = 2.74, P = 0.43, Friedman test (A); subject 2: F = 0.01, P = 0.99, one-way ANOVA (B)]. These findings suggest that the visual stimuli were delivered with a high degree of accuracy and in a manner that was matched across the experimental conditions. The error bars represent the SD.
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